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K ÷ channels are a life and death matter. Perhaps the best 
assessment of whether a cell is living or dead is whether 
or not it has a membrane potential, and K ÷ channels have 
a significant role in setting the membrane potential in cells 
from a wide variety of life forms. In addition to this life or 
death matter, K ÷ channels serve a host of other functions 
relating to the electrical lives of cells, like setting the fre- 
quency and duration of action potentials and, in general, 
shaping the electrical activity of cells. Because multiple 
K ÷ channel types have also been found in a wide variety 
of cells that are not known to be electrically excitable, it 
is likely that we don't yet comprehend all of the functions 
of these versatile proteins. It's not unexpected then that 
the burgeoning data from various genome sequencing 
projects is revealing the prevalence and diversity of K ÷ 
channels in virtually every major class of organism. In- 
deed, data now surfacing from the various genomic DNA 
sequencing projects suggest that this family of proteins 
might be even more diverse than previously imagined. 
With the publication of the TOK1 channel primary structure 
and expression data by Ketchum et al. (1995), we get the 
first glimpse of a K ÷ channel from yeast, a unicellular fun- 
gus. The TOK1 channel is novel, not only because of its 
unique subunit structure (it resembles two K ÷ channel sub- 
units of different classes linked together) and its unique 
physiology (it is outwardly rectifying by a nonconventional 
mechanism), but also because of the way in which this 
unique channel was found. Rather than using the conven- 
tional experimental methods of molecular biology in a wet 
lab, the authors discovered TOK1 by surfing the public 
DNA database for one of the rare and special ancient con- 
served protein regions that have been identified as a result 
of the genome sequencing projects (Green et al., 1993). 
This particular ancient conserved region is the universal 
signature of the ion-selective pore of K ÷ channels. The 
existence of K ÷ channels in yeast was discovered almost 
a decade ago by physiological recordings (Gustin et al., 
1986). The current revelation of their structure and their 
relation to K ÷ channels in other organisms is a good exam- 
ple of how genome sequencing projects have accelerated 
the pace of discovery in biology. 
Similar K* Channel Structures Are Found in 
Animals, Plants, Paramecia, and Bacteria 
K ÷ channels were traditionally thought of as fulfilling the 
role of shaping electrical responses of the nervous system, 
a task that itself requires a great diversity of channel types. 
Those that serve this role are of the voltage-dependent 
type, for which there are at least four subfamilies con- 
served across metazoan species (Rudy et al., 1991; Sal- 
koff et al., 1992; Jan and Jan, 1992; Jegla and Salkoff, 
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1994). Subunit structure for all subfamilies is similar, con- 
sisting of 6 transmembrane domains, a highly conserved 
W-selective pore region or P domain (Hartmann et al., 
199t; Yool and Schwarz, 1991; Yellen et al., 1991), and 
cytoplasmic N and C termini (Figure 1). The conservation 
of this subunit structure hints at a common evolutionary 
origin for all voltage-dependent channels, since this basic 
subunit architecture is similar to each of the four tandem 
repeats of the voltage-gated Na + and Ca 2+ channels (Noda 
et al., 1984) (Figures 1 and 2). This basic subunit structure 
is also amenable to different gating strategies (i.e., mecha- 
nisms by which the channel is opened and closed). Some 
of the channels in the Drosophila ether-a-go-go family 
have unusual gating properties that differ from the usual 
properties of voltage-gated channels (Warm ke et al., 1991 ; 
Bruggemann et al., 1993; Warmke and Ganetzky, 1994; 
Sanguinetti et al., 1995; Trudeau et al., 1995). Modifiers 
of gating include Ca 2+, in the case of the slowpoke channel 
(Atkinson et al., 1991; Adelman et al., 1992; Butler et al., 
1993), and cyclic nucleotides (Kaupp et al., 1989; Goulding 
et al., 1992). In the case of the slowpoke family of K ÷ chan- 
nels, a large protein domain conferring Ca2+-dependent 
gating has been appended to the C-terminal end of what 
appears to be a voltage-dependent subunit (Wei et al., 
1994). The basic 6 transmembrane subunit structure also 
has apparent versatility and utility for virtually all life forms; 
similar K + channel genes have been cloned from plants 
(Anderson et al., 1992; Sentenac et al., 1992), bacteria 
(Milkman, 1994), and Paramecia (Jegla and Salkoff, 1995). 
K ÷ channel subunit architecture is also reducible to a 
much simpler structure. The inwardly rectifying class of 
K ÷ channels appears to have a minimal structure, with 
only a P domain and two flanking membrane-spanning 
segments (Figures 1 and 2) (Ho et al., 1993; Kubo et al., 
1993). Inward rectifiers play a major role in setting the 
membrane potentials of cells. In some cells, the closing 
of these channels upon depolarization permits the occur- 
rence of long-duration action potentials with a plateau 
phase (Hille, 1992). Unlike voltage-sensitive channels, this 
rectification is a consequence of an extrinsic blocking par- 
ticle. Thus, inward rectifiers lack the structural correlates 
of intrinsic voltage sensing found in voltage-dependent 
channels. Nevertheless, the ancient conserved P region 
in both the voltage-gated and inwardly rectifying channels 
is the unifying structural feature identifying both as K ÷- 
selective channels. 
(We must mention in this regard the anomalous minK 
protein, which contains a single transmembrane domain 
and no P domain [Takumi et al., 1988]. Although minK 
has been implicated as a voltage-gated K ÷ channel, it is 
not yet clear whether it forms part of the K+-selective con- 
duction pathway or is an accessory subunit to certain as 
yet unidentified K + channels.) 
Two New Structural Classes of K ÷ Channels 
Both TOK1 and the CeK family represent novel "two pore" 
subunit structures. With the report of TOK1 from yeast 
and the two novel K ÷ channels from the nematode, Caeno- 
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Figure 11 Representation f a Subunits from Four Classes of K + Chan- 
nels and Their Relationship to the a Subunits of Na ÷ and Ca 2+ Channels 
Voltage-gated Na + and Ca 2+ channel subunits contain four tandem 
structural units, each of which contains 6 transmembrane domains. 
Pore (P) domains are shown as membrane-embedded loops with flank- 
ing transmembrane domains (shown in black). All K + channels have 
a highly conserved P domain that is their unifying structural feature. 
The presumed P domains in Na ÷ and Ca 2÷ channels differ substantially 
among the four tandem structural units, and thus form a nonsymmetri- 
cal pore. The N and C termini of all channels represented are presumed 
to be on the cytoplasmic side of the plasma membrane. 
rhabditis elegans (which we refer to as the CeK K + channel 
family), the number of K ÷ channel families as defined by 
subunit architecture has now suddenly doubled. The 
unique feature of these new channels is the presence of 
two P domain-containing motifs linked in tandem (see Fig- 
ure 1). The TOK1 subunit structure appears like a union 
of a 6 transmembrane subunit of voltage-gated K+ chan- 
nels and a 2 transmembrane subunit of inward rectifier 
channels. The CeK channels have a tandem duplication 
of the 2 transmembrane motif of inward rectifier channels 
(see Figure 1). 
It is assumed that both voltage-dependent and inward 
rectifier K ÷ channels are tetramers, and thus, four P do- 
mains are required per channel for the K + selectivity filter. 
The functional stoichiometry thus implied for TOK1 and 
CeK channels is that of a dimer, based on their each con- 
taining two P domains per subunit. Many channel scien- 
tists were puzzled by the structural relationship between 
voltage-gated Na + and Ca 2+ channels and the voltage- 
gated K ÷ channels. Why do Na + and Ca 2+ channels contain 
four tandemly repeated K ÷ channel-l ike units and func- 
tion as monomers, while voltage-gated K + channels are 
smaller subunits that function as tetramers? It could be 
that these functional arrangements arose as a conse- 
quence of quirks in their evolutionary history, or it could be 
that there were important functional purposes underlying 
these arrangements. When the Na ÷ and Ca 2+ channels 
were first cloned, Numa called their structures "psuedo- 
symmetrical" to describe the structure made from four sim- 
ilar but nonidentical structural domains linked together by 
nonconserved hydrophilic segments (Noda et al., 1984). 
The four "linked subunits" of both Na + and Ca 2+ channels 
all differ substantially in the sequence of the residues that 
constitute the hypothetical P (pore) region. Conceivably, 
this structure could imply that ion selectivity for both Na ÷ 
and Ca 2÷ requires a nonsymmetricai structure. Na ÷ and 
Ca 2+ ions have very similar crystal radii and are thought 
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Figure 2. Representation of Hypothetical Channel Structure for Five Classes of Ion Channels 
The (~ subunits of voltage-gated Na + and Ca 2+ channels are functional as monomers. Because the four tandem units are similar but nonidentical, 
the structure formed by the ~ subunit has been termed "pseudosymmetrical." Voltage-gated K÷ channels function as tetramers. In each case, a 
single pore is formed by the association of four P domains. Inward rectifier channels also probably function as tetramers, but with 8 (4 x 2) 
transmembrane domains surrounding the pore instead of the 24 (4 x 6) of voltage-gated channels. Perhaps only 8 transmembrane domains are 
needed to support the pore structure, and extra transmembrane domains present in voltage-gated channels are necessary to confer their gating 
properties. If four P domains are necessary for K + channel selectivity, the new K ® channel classes represented by TOK1 and CeK may function 
as dimers. The TOK1 subunit composition of a 6 transmembrane motif linked to a 2 transmembrane motif in a single subunit has additional 
implications for overall channel structure. Other K + channels have a 4-fold symmetry across the entire channel structure; each of four subunits 
contributes one P domain and an equal number of transmembrane domains. Assuming that the TOK1 channel functions as a dimer, its structure 
would have a symmetrical pore of 4-fold symmetry (four P domains), but a structure surrounding the pore of 2-fold symmetry, ff CeK channels 
are dimers, they may have 4-fold symmetry overall. 
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to have very similar packing arrangements of water in their 
hydration shells (Hille, 1992). On the other hand, the fact 
that both voltage-dependent and inward rectifier K + chan- 
nels have a symmetrical structure could imply the need 
for symmetry in the K ÷ selective mechanism. Intriguingly, if 
the yeast TOK1 channel and the CeK channels are indeed 
dimers, they will also form symmetrical pore structures, 
even though the structure outside of the pore would not 
be uniformly symmetrical. This is because the tandem P 
domains are extremely similar while the flanking regions 
are not. Perhaps the reason for these structural arrange- 
ments will be better understood when more is known about 
the functional roles of these new channels. 
Functional Properties of TOK1 Channels 
Prior physiological studies have shown the existence of 
K ÷ channels in yeast with properties similar in several re- 
gards to those of TOK1 (Gustin et al., 1986; Bertl et al., 
1993), and it may well turn out to be the case that the in 
vivo properties of TOK1 have been previously described 
(C. Kung, personal communication). Like voltage-dependent 
K ÷ channels, TOK1 channels produce an outwardly rectify- 
ing current when expressed in Xenopus oocytes, meaning 
that the channels pass K ÷ out of the cell far more efficiently 
than they pass it into the cell. However, TOK1 channels, 
unlike voltage-gated K÷ channels such as Shaker, have no 
intrinsic voltage sensitivity; nor do they have the structural 
feature normally associated with voltage-dependent gat- 
ing, an $4 region with positive charges at regular intervals. 
Instead, TOK1 channels are blocked from passing inward 
currents in a voltage-dependent manner by the presence 
of divalent cations in the extracellular solution, and they 
open only at voltages above the K + reversal potential (EK), 
where the direction of K ÷ current flow is outward. In this 
respect, TOK1 channels have the same gating mechanism 
as inward rectifier K ÷ channels. However, the blocking par- 
ticles work from the inside in inward rectifier channels; 
Mg 2+ or polyamines in the intracellular solution block the 
outward flow of K ÷ in a voltage-dependent manner and 
thus pass only inward current at voltages below EK (Ficker 
et al., 1994; Lopatin et al., 1994). Both TOK1 channels 
and inward rectifiers have linear current-voltage relations 
in the absence of blocking particles, demonstrating their 
lack of intrinsic voltage sensitivity. 
The biological role of an outward rectifier current such as 
TOK1 in yeast is unclear. Outwardly rectifying K + currents 
have been observed in yeast, but none have been studied 
in sufficient detail to ascertain whether its rectification is 
closely tied to EK (Saimi et al., 1994). TOK1 currents could 
provide an influence on the resting potential, but the yeast 
resting potential is thought to be very negative with respect 
to EK and is driven primarily by a proton pump. TOK1 cur- 
rents could nonetheless be important in the repolarization 
of any depolarization more positive than EK. The unique 
properties of TOK1 channels could also be used to adjust 
osmotic pressure upon depolarization, because these 
channels apparently have no stabile inactivated state, and 
thus would provide a constant leak of K ÷ out of the cell at 
voltages above EK. 
Whether CeK channels also express a fundamentally 
new class of K ÷ current remains to be seen, as no expres- 
sion data or mutational analysis yet exists. As Ketchum 
et al. point out, it would be premature to make a strict 
association between K + channels with two pore motifs and 
the novel outward rectifier phenotype that they report for 
TOK1. This may be especially wise given the differences 
in the overall structures of TOK1 and CeK channels as 
well the possible separate evolutionary origins of their two 
P domain motifs. The true significance of these two new 
classes of K ÷ channel may not be understood until we 
better comprehend their phytogenetic distribution: are 
they specifically adapted to yeast and nematode, or do 
they represent gene families conserved across diverse 
species? These last questions may only have to wait for 
next summer's surfing vacation at the expanding beach 
of genomic DNA sequence data. 
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Note Added in Proof 
Recent work by X.-L. Zhou, B. Vaillant, S. H. Loukin, C. Kung, and 
Y. Saimi (FEBS Lett., in press) shows that deletion of the TOKI open 
reading frame (JO911) removes the yeast current described by G ustin 
et al. (1986). They find, however, that the outward rectification of this 
current is not tied to the K" equilibrium potential or to external divalent 
cations. The origin of this discrepancy is not clear but could simply 
be a function of the differing expression systems. 
